Effects of cation order-disorder on the pseudobrookite-type MgTi 2 O 5 structure have been studied with single-crystal X-ray diffraction on five synthetic crystals (labeled P600, P700, P800, P1000, and P1400) annealed at 600, 700, 800, 1000, and 1400°C, respectively. The disorder parameters (X ‫؍‬ Ti in the M1 site) determined for five samples range from 0.070(5) to 0.485(5). Unit-cell dimensions a and c increase with X, whereas b decreases. The decrease in b with increasing cation disorder results primarily from the marked reduction in the O3-O3 distance within the M1 octahedron, whereas the variation of a and c is controlled by the size of the M2 octahedron. From P600 to P1400, the mean M1-O length shortens by 2.35%; in contrast, the mean M2-O distance lengthens by 1.16%. As a consequence, the M1 and M2 sites have a nearly identical octahedral volume in P1400. With increasing cation disorder, the degree of distortion of the M1 octahedron is reduced significantly, while that of M2 remains essentially unchanged. Cation disorder is also accompanied by straightening of the bands consisting of the M1 and M2 octahedra. There is a close correlation between atomic isotropic displacement factors (B iso ) and cation order-disorder: B iso factors of all atoms in more disordered samples are larger than those in less disordered ones.
INTRODUCTION

MgTi
O , the end member of the pseudobrookite-type (Mg,Fe)Ti O (armalcolite) solid solution, is of geological interest because of its occurrence in many volcanic and metamorphic rocks. It is also an important constituent of refractory ceramics and magnetic materials and exhibits unusually large thermal expansion anisotropy (1) . From the crystal-chemistry point of view, of particular interest is the wide range of the nonconvergent cation order-disorder between two crystallographically distinct octahedral sites in the MgTi O structure, which has been regarded to be responsible for its high-temperature stabilization (2) and notable structural changes (3) (4) (5) . Furthermore, Hazen and Yang (6) demonstrated that the cation disorder can increase the compressibility of MgTi O by as much as 6% and suggested that cation disorder, in addition to composition and structure, can also significantly affect the elasticity of crystalline phases. MgTi O possesses the pseudobrookite structure with space group Bbmm and its structure was first refined by Lind and Housley (7) . All cations occupy two nonequivalent, highly distorted octahedral sites, M1 and M2, with M1 larger and more distorted than M2. The polyhedral linkage of M1 and M2 is characterized by complex edge sharing. On the one hand, M1 and M2 share edges to form bands extending in the b direction (Fig. 1) ; on the other, each M2 shares four octahedral edges with others to form M2 octahedral layers parallel to (010); these layers are linked together along b by M1 through edge sharing as well (6) . Previous studies on armalcolite (Fe Mg Ti O ) show that M1 is preferentially occupied by Fe and Mg, and M2 by Ti, and that the cation distribution in these compounds is temperature dependent: samples quenched from higher temperatures are substantially more disordered than those quenched from lower temperatures (3) (4) (5) (7) (8) (9) (10) (11) . Wechsler and Navrotsky (4) further found that the unit-cell parameters of MgTi O depend strongly on the cation ordering state or quenching temperature: a, c, and » increase with increasing quenching temperature, whereas b decreases. They also reported that this dependence is markedly sigmoid, with little change at temperatures below 700°C or above 1100°C. Brown and Navrotsky (12) developed an empirical structural model for determining the degree of disorder in MgTi O from unit-cell parameters. However, due to the lack of single-crystal X-ray diffraction data, this model was calibrated only on the basis of structural data and site occupancies on armalcolite reported by Smyth (8) and Wechsler (3) . Despite the sophistication of the model proposed by Brown and Navrotsky (12) , caution should be exercised when it is applied to the end members, because of the difficulty in accurately determining site occupancies of three cations (Fe, Mg, and Ti) between two sites in Fe Mg Ti O (3, 7, 8, 11) . We have undertaken a singlecrystal X-ray diffraction study on five synthetic MgTi O crystals annealed at 600, 700, 800, 1000, and 1400°C to characterize variations of the unit-cell parameters and crystal structure of MgTi O with cation order-disorder. The results reported in this paper are a part of our systematic investigations into the pressure effects on atomic order-disorder in crystalline phases.
EXPERIMENTAL
Sample Preparation
All samples used in this study were synthesized by the flux method. Dried reagent-grade MgO and TiO were weighed in stoichiometric proportions and ground manually under methanol in an agate mortar. The mixture in a Pt crucible was first heated in air in a vertical tube furnace at 1400°C for 48 h. Following another grinding with K WO added as flux (the weight ratio of MgTi O : K WO was 1 : 1), the powder was again heated at 1400°C for 48 h and cooled to 1200°C in about 6 h. After being held at 1200°C for 5 days, the sample was quenched to room temperature. Optical and X-ray diffraction examination of the final product revealed the presence of two phases: more than 99% of white and transparent MgTi O crystals plus some yellowish crystals with the hollandite structure. Most MgTi O crystals are elongated along the c axis; the longest dimension of the largest crystal is greater than 1 mm. The chemical composition was analyzed with an electron microprobe on four crystals; within the experimental uncertainties, no W or K was detected and all crystals were found to have a nearly ideal chemical formula:
For simplicity, we assumed stoichiometry for all final structure refinements.
Quenching experiments were performed in a vertical tube furnace at 600, 700, 800, 1000, and 1400°C. In the following, we use the abbreviations P600, P700, P800, P1000, and P1400 for the samples quenched from 600, 700, 800, 1000, and 1400°C, respectively. Each sample was enclosed in a Pt-foil envelope and suspended in air in the furnace by a Pt wire. The variation in temperature, measured by a thermocouple adjacent to the sample, was within $1°C. The heating duration of each sample is given in Table 1 . Quenching was achieved by cutting (for P600, P700, and P800) or melting (for P1000 and P1400) Pt wires and dropping the samples into mercury.
X-Ray Diffraction Data Measurements
A single crystal from each quenched sample was selected on the basis of optical examination and precession photographs and polished to the desired size (&0.10;0.10;0.04 mm) suitable for high-pressure X-ray diffraction study. A Picker four-circle diffractometer equipped with a Mo X-ray tube ( -filtered) was used for all X-ray diffraction data measurements. Unit-cell parameters were determined by fitting the positions of 16 reflections with 20°(2 (35°f ollowing the procedure of King and Finger (13) ( Table 1) .
For all crystals, X-ray diffraction intensity data from one quadrant of reciprocal space with 0°42 460°were collected on the basis of the B-centered lattice using scans of 1°width in step increments of 0.025°and 2-s/step counting time. Two standard reflections were checked every 5 h; no significant or systematic variations in intensities of the standard reflections were observed. Digitized step data were integrated by the method of Lehmann and Larsen (14) , with background manually reset when necessary. Corrections were made for Lorentz and polarization effects and for X-ray absorption by the crystal. Reflections having Note. The following constraints apply to some atomic positional coordinates: y"1/4 for M1 and O1; z"0 for all atoms. The following constraints apply to some atomic anisotropic displacement parameters:
" " "0 for M1 and O1; " "0 for M2, O2, and O3.
I'2 (I) were considered as observed and included in the refinement, where (I) is the standard deviation determined from the counting statistics. Symmetry equivalent reflections for each data set were averaged in Laue group mmm. The initial structural model of MgTi O was taken from Wechsler and Von Dreele (5). Least-squares refinements were carried out using an updated version of RFINE4 (15) in space group Bbmm. Neutral atomic scattering factors, including anomalous dispersion correction for Mg, Ti, and O, were taken from Ibers and Hamilton (16) . Weighting schemes were based on w"[ (F)#(pF)]\, where p is adjusted to ensure that the errors were normally distributed through probability plot analysis (16) . The Mg and Ti occupancies between the M1 and M2 sites were allowed to vary during refinements with the bulk composition constrained to the ideal chemical formula. All refinements converged smoothly after four to six cycles. Type II isotropic extinction corrections (17) were applied in the refinements. Atomic positional coordinates and displacement parameters are listed in Table 2 . Selected interatomic distances, along with polyhedral distortion indices, and angles are presented in Tables 3 and 4 , respectively.
RESULTS AND DISCUSSION
Unit-Cell Parameters as a Function of Cation Disordering
Unit-cell parameters of MgTi O as a function of quenching temperature are plotted in Fig. 2 . Data determined by Brown and Navrotsky (12) are also included for comparison. Within experimental errors, our data between 700 and 1000°C agree with those reported previously, but the data at 600 and 1400°C deviate from the trend defined by previous data. Specifically, the unit-cell volume of P1400 is larger than any other volume reported from quenching experiments, whereas that of P600 is smaller. Thus, our data point to a significantly larger volume of disordering, » , than previously suggested [ » is the unit-cell volume difference between the most disordered and ordered samples (18) ]. It should be pointed out that to achieve the largest » value, we also annealed a sample at 1500°C and one at 500°C. However, the unit-cell dimensions of the sample annealed at 1500°C for 5 h do not differ significantly from those of P1400, suggesting the rapid kinetics of cation fractionation at this temperature such that the cation ordering state above 1400°C may not be quenchable. The unit-cell dimensions of the sample annealed at 500°C for 60 days, on the other hand, are similar to those of P1000, indicating a sluggish Mg-Ti order-disorder process at this temperature. This observation is different from that made by Wechsler and Navrotsky (4), who reported that the cation distribution may equilibrate at 500°C on a time scale of weeks.
In Fig. 3 , we plotted the cation disorder parameter (X"Ti in M1) versus quenching temperature; the data used in the figure are from this study and Brown and Navrotsky (12) . It is apparent that our data exhibit a stronger dependence of X on quenching temperature. By combining Figs , which could be a reflection of the nonideal mixing of Mg/Ti at both M1 and M2 sites (see below).
Brown and Narvotsky (12) suggested the c dimension is the most useful lattice parameter for calculating X among all unit-cell parameters. However, the equations we obtained above indicate that the a and b dimensions are not only a linear function of X, but also more sensitive than the c dimension in response to the change in X. Accordingly, the a and b dimensions should serve better for estimating the disorder parameter in MgTi O .
Structural Changes with Mg-Ti Order-Disorder
One of the most significant effects of cation order-disorder on the MgTi O structure is the change in the M-O bond lengths. As the disorder parameter changes from 0.070 in P600 to 0.485 in P1400, the average M1-O bond distance shortens by 2.35%; in contrast, the average M2-O bond
FIG. 2. Unit-cell parameters of MgTi
O as a function of quenching temperature.
FIG. 3.
Variation of the cation disorder parameter (X) with quenching temperature. Open squares are the data of Brown and Navrotsky (12) . distance lengthens by 1.16%. As a consequence, the difference between the M1 and M2 octahedral volumes decreases, such that the two octahedra have nearly identical volumes in P1400 (&10.10 A s ). In detail, all individual M1-O bond lengths decrease from P600 to P1400, with the M1-O3 distance shortening most (2.8%) and the M1-O1 distance least (1.7%). Because the M1-O3 bond length shows the largest deviation from the mean M1-O distance within the M1 octahedron, its greatest reduction gives rise to a decrease in M1 octahedral distortion: the octahedral quadratic elongation (OQE) (19) changes from 1.0947(2) in P600 to 1.0727(3) in P1400. Within the M2 octahedron, however, while the respective M2-O1 and M2-O2 bond lengths increase by as much as 4.1 and 3.2% from P600 to P1400, the M2-O2 and M2-O3 bond distances decrease by &0.4%. Such contrasting behavior of individual M2-O bonds results in an essentially unchanged OQE value for M2. The slight shortening of the M2-O2 and M2-O3 bond lengths with the substitution of larger Mg> (r"0.78 A s ) for smaller Ti> (r"0.50A s ) (20) in the M2 site is related to the change in the M1-M2 separation, which decreases from 3.229 A s in P600 to 3.172 A s in P1400. To reduce the cationcation repulsion between M1 and M2 in more disordered samples, all lengths of O-O edges shared by the M1 and M2 octahedra (O1-O3 and O2-O3) become shorter (Table 3) . In contrast, all lengths of O-O edges shared by two M2 octahedra (O2-O2 and O3-O3) become longer in more disordered samples, owing to the increase in the M2-M2 separation from 2.916 A s in P600 to 2.934 A s in P1400.
Wechsler and Von Dreele (5) refined structures of five crystals in the MgO-TiO system, which include one MgTiO , two Mg TiO , and two MgTi O phases. In the plot of the mean M-O bond lengths versus the Ti fraction in the octahedral sites, they found a small negative deviation from Vegard's law for mixing Mg and Ti on these sites and concluded that this nonideality appears to have little effect on the temperature dependence of the disordering, but might give rise to a slight tendency to greater disorder in these phases at higher pressures. A plot of our data for MgTi O crystals with various ordering states (Fig. 4 ) displays a result similar to that observed by Wechsler and Von Dreele (5) . It also shows that the mean M2-O bond length appears to exhibit slightly greater nonideality than the mean M1-O distance.
Associated with the variations of M-O distances as a function of cation disorder are the pronounced changes in interatomic bond angles within and between the two different octahedra. Compared with the M2 octahedron, which displays little change in its angular distortion index, the octahedral angle variance (OAV) (19) , the OAV value for M1 decreases appreciably from 255.7(3) to 203.1(3), a 21% reduction. This change is due primarily to the fact that the angular deviations of all O-M1-O angles from the ideal value of 90°decrease with increasing cation disorder. Among all O-M1-O angles, the largest O3-M1-O3 angle changes most, from 116.9(1)°in P600 to 114.0(1)°in P1400. Coupled with the marked decrease in the O3-M1-O3 angle is a 4.3% shortening of the O3-O3 distance, the greatest decrease of all O-O distances within the M1 octahedron. The essentially unchanged OAV value for the M2 octahedron is due to the fact that some of the O-M2-O angles within the M2 octahedron approach 90°with increasing cation disorder, while others deviate farther away from 90°. For example, while the O1-M2-O3 angle decreases from 84.93(4)°in P600 to 81.31(5)°in P1400, the O3-M2-O3 angle changes from 76.89(4) to 79.04(4)°.
In the MgTi O structure, because the vector of the O3-O3 distance is parallel to the b axis, its significant reduction thus accounts largely for the observed shortening of the b dimension from P600 to P1400. The variation of the a and c dimensions with increasing cation disorder can be explained by the increase in size of the M2 octahedra, which form continuous edge-shared octahedral layers parallel to the a-c plane. The net result of the different behavior of a, b, and c as a function of cation disorder is the increase in the unit-cell volume for more disordered samples. Structurally, the greater unit-cell volume for the more disordered sample results from the less efficient packing of cation polyhedra, owing to the fact that larger Mg atoms occupy the smaller M2 octahedra. Similar phenomena have been found in many other minerals with edge-sharing octahedral sites (18) . In other words, the ordered structure provides a more efficient packing arrangement of M1 and M2 in MgTi O , which, according to Hazen and Navrotsky (18) , may be favored by the high-pressure environments.
Another noticeable change due to cation disordering is straightening of the bands consisting of the M1 and M2 octahedra. The kinking of the bands of the M1 and M2 octahedra can be described by the O3-O1-O3 and O1-O3-O3 angles (Fig. 1) . These two angles, both of which vary linearly with the disorder parameter, straighten by 6.2°and 3.1°, respectively, from P600 to P1400 (Table 4 ). The unkinking of the bands of the M1 and M2 octahedra stems principally from the considerable shortening of the O3-O3 distance within the M1 octahedron and the O2-O3 edge shared by M1 and M2.
A close correlation exists between magnitudes of atomic isotropic displacement factors (B ) and the disorder parameter: with increasing cation disorder, B values of all atoms increase ( Table 2 ). The apparent thermal motion of M1 probably results from atomic statically positional disorder, rather than thermal vibration. This conclusion is supported by the change in the anisotropy of the M1 displacement ellipsoid: while the degree of distortion for the M1 octahedron decreases significantly from P600 to P1400, the anisotropy of the M1 displacement ellipsoid, defined as (r !r )/0.5(r #r ), increases from 0.02 to 0.05, where r and r are the longest and shortest ellipsoidal axes, respectively. Relative to M1 and M2, the B factors of oxygen atoms show much stronger dependence on the cation distribution. From P600 to P1400, the average B value of three oxygen atoms (O1, O2, and O3) increases by &46%, whereas that of two cations increases by &24%. Of all oxygen atoms, the B factor of O1 increases most (&60%) and that of O2 least (&34%). The largest increase in the B value of O1 may be in part correlated with the straightening of the O3-O1-O3 angle, since O1 acts as a pivot point for the stretching of the octahedral bands. Similar to M1, the relatively large B value of O1 in more disordered samples could be a reflection of the increase in the atomic positional disorder at the O1 site. Yet, the O1 apparent thermal motion may also be in part a real representation of atomic thermal vibration as a consequence of compensation for an electron density distribution related to a local charge imbalance on O1. In the MgTi O structure, both O2 and O3 have bond valences close to the ideal value (2.0 v.u.), whereas O1 is underbonded. Calculated based on the method of Brown (21) , the charge imbalance of O1 is !0.124 in P600, but is slightly increased to !0.176 in P1400. An ongoing study on the MgTi O structure at high pressures may provide us with insights into the cause for the larger B factors in more disordered samples, because pressure has little influence on atomic B factors that principally represent thermal vibration (22) , but it could reduce B factors that result predominately from statically postional disorder (23) . Regardless of the nature of the apparent thermal motions for atoms in the MgTi O structure, the large atomic B factors in more disordered samples may render evidence for possible changes in lattice vibrations with increasing cation disorder. Such changes have been argued by Brown and Navrotsky (12) to be responsible for the observed nonzero value of the nonconfigurational entropy of disordering in MgTi O . Further vibrational spectroscopy study on MgTi O with different ordering states may provide us with information necessary to explain the changes in vibrational heat capacity.
